Microcephalic primordial dwarfism (MPD) is the collective term for a group of human disorders characterized by intra-uterine and postnatal growth delay alongside marked microcephaly 1 , and it includes disorders such as microcephalic osteodysplastic primordial dwarfism type 2 (MOPD 2), ATR-Seckel syndrome (SCKL1) and Meier-Gorlin syndrome. Mutations in genes encoding either components of the DNA replication machinery (replisome) or proteins involved in genome stability are a frequent cause of microcephalic dwarfism [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Microcephalic primordial dwarfism (MPD) is the collective term for a group of human disorders characterized by intra-uterine and postnatal growth delay alongside marked microcephaly 1 , and it includes disorders such as microcephalic osteodysplastic primordial dwarfism type 2 (MOPD 2), ATR-Seckel syndrome (SCKL1) and Meier-Gorlin syndrome. Mutations in genes encoding either components of the DNA replication machinery (replisome) or proteins involved in genome stability are a frequent cause of microcephalic dwarfism [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
During the course of normal DNA replication, a subset of replication forks may stall, causing 'replication stress' 15 . This stalling can be caused by endogenous or exogenous sources, such as collision of the replisome with DNA lesions or the transcriptional machinery, or by the replication of difficult-to-replicate genomic regions. To facilitate efficient genome duplication, stalled replication forks must be stabilized and protected from collapse. Multiple factors safeguard replication fork stability, many of which function within the ATR-CHK1-dependent replication stress response [16] [17] [18] . This pathway ensures that fork stabilization is tightly coordinated with a global reduction in DNA synthesis, allowing stalled or damaged forks to be repaired and restarted 19, 20 .
Exome-sequencing analysis of patients with microcephalic dwarfism has identified several previously unknown factors that regulate replication and/or the replication stress response. Using this strategy, we recently identified mutations in TRAIP in individuals with MPD 5 and demonstrated that TRAIP is required for the response to replication-blocking DNA lesions. To identify similar disease-associated genes, we performed whole-exome sequencing (WES) of genetically uncharacterized patients with microcephaly. Here we report the identification of DONSON as a new gene involved in microcephalic dwarfism, and demonstrate that DONSON is a previously unrecognized replisome component that maintains genome stability by protecting stalled or damaged replication forks. A r t i c l e s (for which height was typically ≤ -4 s.d.) 2, 3, 5, [8] [9] [10] 24, 26 . Minor skeletal abnormalities were present in several patients, including fifth finger clinodactyly, syndactyly, brachydactyly, hypoplasia of carpal, metacarpal or phalangeal bones, and radial head dislocation (Supplementary Table 1 ). Absent or hypoplastic patellae were present in patients P12, P20-1 and P20-2. Notably, patient P19 had bilateral hypoplasia of the radius and thumb, which, together with the limb abnormalities displayed by patients P13-1 and P13-2, established radial-ray defects as an uncommon but recurrent phenotype. We observed the most extreme phenotype in family P21, whose members had substantial limb shortening or reduction in association with fetal lethality (Supplementary Fig. 3 ). Aside from microcephaly, neither a recognizable facial phenotype (Fig. 1b) nor recurrent malformations affecting other organ systems were evident. Intellectual disability, if present, was typically mild.
In conclusion, the number of biallelic variants identified, combined with a common clinical presentation, provided strong evidence for DONSON being a previously uncharacterized autosomal recessive gene associated with human disease. We therefore investigated the consequence of these mutations on DONSON protein function.
Mutation in DONSON markedly reduce protein levels DONSON mutations were identified in 29 individuals and comprised a range of mutation classes (Fig. 1c) . Notably, we did not observe any biallelic nonsense or frameshift mutations, indicating that the mutations probably resulted in partial loss of DONSON function. To investigate this, we established patient-derived primary fibroblast or lymphoblastoid cell lines representing a range of mutations. From immunoblot analyses, we found marked decreases in DONSON protein levels in all of the cell lines tested (Fig. 2a,b) , thereby establishing that the mutations we analyzed affected DONSON protein expression.
Mutations in multiple families were associated with two different ancestral haplotypes (P1-1 to P7, and P11, P12 and P14 to P18-3, respectively; Table 1 ) and were investigated in more detail. First, as described above, nine individuals (P11, P12 and P14 to P18-3) were homozygous for the c.786-22A>G mutation, which was predicted to enhance a cryptic splice donor site within intron 4 (MaxEntScan) 27 . Consistent with a common ancestral founder, five consanguineous families of Saudi Arabian origin bearing this mutation (P14 to P18-3) shared a 1.6-Mb haplotype region of chromosome 21 ( Supplementary  Fig. 4) . qRT-PCR analysis of RNA isolated from four patients with this variant demonstrated a significant (P = 3.2 × 10 -22 ) decrease in the amount of full-length transcript and increased skipping of exon 5 ( Supplementary Fig. 5 ). This resulted in an out-of-frame mRNA that was predicted to undergo nonsense-mediated mRNA decay (NMD), explaining the substantial reduction in protein levels seen in fibroblasts that were homozygous for this mutation (P12; Fig. 2b) .
Second, two missense variants in DONSON, p.S28R and p.K489T, and an intronic DONSON variant (c.786-33A>G) were present in seven individuals of European ancestry and one individual of Somali descent (P1-1 to P7; Table 1 ). These were associated with a different ancestral haplotype, which comprised a shared 127.7-kb genomic region (Supplementary Table 2) . No other deleterious biallelic variants were present in the four other genes within this region. Despite the close proximity of the c.786-33A>G intronic variant to the c.786-22A>G mutation in the individuals from Saudi Arabia, the former change did not disrupt splicing between exons 4 and 5, as assessed by either minigene splicing assays (Supplementary Fig. 6 ) or RT-PCR analyses of patient cell lines (data not shown), indicating that this variant is unlikely to be pathogenic. Because DONSON protein levels were severely reduced in cells from patients inheriting this haplotype allele in combination with a mutation encoding a truncated protein (P2 and P6) (Fig. 2b) , this suggested that either one or both of the missense variants associated with this haplotype (p.S28R, p.K489T) compromised protein levels.
To investigate these two variants, we established isogenic HeLa cell lines expressing doxycycline-inducible, short interfering RNA (siRNA)-resistant wild-type (WT) or mutant (p.S28R, p.K489T) green fluorescent protein (GFP)-tagged DONSON. Following the siRNA-mediated P17  P18-3  P18-2  P18-1   P16  P15  P12  P6   P5  P2  P1-1  P1-2   1  2 3 4  5  6  7  8 A r t i c l e s depletion of endogenous DONSON expression (Supplementary Fig. 7 ) and the induction of exogenous GFP-DONSON expression, immunoblotting analyses showed that the p.K489T-encoding mutation, but not p.S28R-encoding mutation, reduced protein levels in a posttranscriptional manner ( Fig. 2c and Supplementary Fig. 8 ). This suggested that the p.K489T substitution within the second haplotype caused the decreased DONSON protein levels observed in patients P2 and P6 (Fig. 2b) . The p.K489T variant is present as a rare allele in the population and is observed at a frequency of 0.00099 in the ExAC database 21 . In the patients reported here, it was always observed in trans with a frameshift or other protein-disrupting allele, suggesting that it is a functionally weak variant that is insufficient to cause disease alone, a conclusion supported by the presence of an individual with a single homozygous mutation in the ExAC database. Eight other point mutations were identified in patients, including those encoding six missense substitutions, a two-residue amino acid deletion and an amino acid insertion ( Fig. 1c and Table 1 ). Notably these were at highly conserved residues (Supplementary Fig. 1 ) and were predicted to be deleterious (Alamut Visual software). In agreement, exogenous expression of the p.M446T mutant resulted in substantially reduced protein levels (Fig. 2c) , similar to that in cells derived from patients P13-1, P13-2 and P13-3 (Fig. 2a) . Furthermore, five of these mutations disrupted the subcellular localization of GFP-DONSON (Supplementary Fig. 9 ), suggesting that these alterations also compromise DONSON protein function via protein mislocalization.
Finally, an intronic mutation, c.1047-9A>G, was present in three individuals (P9, P21-1 and P21-2). qRT-PCR analysis of RNA isolated from the two patients who were homozygous for this variant (P21-1 and P21-2) showed a substantial reduction in DONSON transcript levels as compared to those in healthy control individuals (Supplementary Fig. 10 ). This variant was also observed in trans with the missense mutation encoding p.F292L in patient P9. Because cells derived from this individual had severely reduced levels of DONSON protein (Fig. 2b) , it is likely that this intronic change also perturbs DONSON protein expression.
Taken together, the deleterious consequences of the identified mutations on splicing, transcript abundance, subcellular localization and/or protein levels strengthened our conclusion that DONSON is a previously unknown gene involved in human disease. The fact that knockout of mouse Donson leads to developmental lethality, together with the presence of residual DONSON protein in patient-derived cell lines (Fig. 2a,b and Supplementary Fig. 11 ), supports the idea that the identified DONSON mutations are hypomorphic and that the encoded proteins retain some residual function.
DONSON stabilizes replication forks during DNA replication
Although DONSON is highly conserved in metazoa and plants, its precise function(s) remained to be defined. Humpty dumpty (hd), the Drosophila ortholog of DONSON, has been proposed to have a role in cell proliferation: Hd expression peaks during S-phase of the cell cycle; hd mutants have an 'egg-shell' phenotype; and clonal inactivation of hd impairs genome replication in larval tissues 28 .
In light of this, we investigated whether human DONSON might have a similar role. After synchronizing cells with a doublethymidine block, we observed that human DONSON, like Hd, was also maximally expressed during S-phase, mirroring cyclin A expression (Fig. 3a) . Furthermore, depletion of DONSON resulted in a significant increase in bromodeoxyuridine (BrdU)-positive cells, as observed by FACS, consistent with a role in promoting efficient S-phase progression (Fig. 3b) . Given these data, we next used DNA fiber analysis to assess whether DONSON depletion led to decreased DNA replication fork progression. Although fork W T 3 P a r e n t P 1 3 -1 P 1 3 -2 P 1 3 -3 progression rates did not decrease in cells lacking DONSON (Fig. 3c) , compromising DONSON expression increased spontaneous replication fork stalling, with a concomitant decrease in the number of ongoing forks (Fig. 3d) . Moreover, we also observed increased replication fork asymmetry in cells that were depleted of DONSON, indicating replication fork instability (Fig. 3e) . Taken together, this suggests that the increase in BrdU-positive DONSON-depleted cells may reflect a prolonged S-phase due to stalled replication forks, rather than a global reduction in DNA synthesis. Because DNA replication is closely linked with genome stability 15, 29, 30 , we reasoned that loss of DONSON would lead to a failure to complete timely replication and to increased DNA damage during S-phase. To test this hypothesis, we combined immunofluorescence of γ-H2AX and 53BP1 (markers of DNA damage and DNA double-stranded breaks, respectively) with ethynyldeoxyudirine (EdU) labeling to identify S-phase cells. We observed that a significant proportion of DONSONdepleted cells exhibited spontaneous γ-H2AX and 53BP1 foci ( Fig. 3f) , of which the majority occurred in S-phase cells ( Supplementary  Fig. 12a-d) , consistent with the identification of DONSON as a potential genome stability regulator by high-throughput siRNA screening 31 . Using pulsed-field gel electrophoresis, we also observed increased levels of DNA double-strand breaks in the absence of DONSON (Supplementary Fig. 12e ). Taken together, these data support a role for DONSON in maintaining replication fork stability during unperturbed DNA replication and demonstrate that spontaneous DNA damage arises in replicating cells in the absence of DONSON.
DONSON is a component of the replisome
To shed further light on the role of DONSON in regulating replication fork stability, we performed mass spectrometry screening to identify interaction partners of GFP-tagged DONSON. Among the interactors, we detected multiple replication proteins, including subunits of the MCM helicase and the GINS complex, which are both critical for DNA replication fork progression ( Fig. 4a and Supplementary Table 3 ). To confirm these findings, we performed pull-down analyses coupled with immunoblotting to identify GFP-DONSON-binding proteins. Consistent with our mass spectrometry data, we detected interactions between GFP-DONSON and the replisome components MCM2, MCM7, Treslin and PCNA (Fig. 4b) , suggesting that DONSON was associated with the replisome. We next used three complementary techniques to assess whether DONSON localized to sites of DNA replication. First, we carried out proximity-ligation assays (PLAs) of GFP-DONSON with the replication proteins PCNA and RPA. Consistent with the observation that DONSON was closely associated with the replication machinery, we observed robust PLA signals between GFP-DONSON and both PCNA and RPA (Fig. 4c,d) . We next performed fluorescence cross-correlation spectroscopy (FCCS) 32, 33 in live HeLa cells stably co-expressing red fluorescent protein (RFP)-tagged PCNA and GFP-DONSON to measure the degree of co-diffusion of these molecules. Significantly increased co-diffusion of PCNA and DONSON was observed in S-phase PCNA-positive foci but not in nuclei of non-replicating cells (Fig. 4e,f and Supplementary Fig. 13 ), indicating that these proteins interact during DNA replication. Finally, we used 'isolation of proteins on nascent DNA' (iPOND) 34 combined with mass spectrometry to ascertain whether DONSON was present on newly replicated DNA. This approach demonstrated that DONSON, like the MCM proteins and RPA, was significantly enriched at replication forks, as compared to that in mature chromatin (Fig. 4g) .
Collectively, these data strongly support the conclusion that DONSON is a novel replisome component that plays a role in promoting fork stability.
DONSON depletion impairs cell-cycle checkpoint activation
Because our data suggested that DONSON functions to protect replication forks during unperturbed DNA replication, we extended our findings to evaluate the role of DONSON in preventing replication fork stalling following exogenous replication stress. Exposure to the replication stress-inducing agents hydroxyurea (HU) and mitomycin C (MMC) induced significantly more fork stalling in DONSON-depleted cells than in control cells (Fig. 5a,b) . DONSON depletion also resulted in a failure to suppress new origin firing after the induction of exogenous replication stress (Fig. 5c) . Because suppression of new origin firing reflects checkpoint activity, this suggests that DONSON is required for efficient activation of the intra-S-phase checkpoint. To further investigate this, we measured activation of this checkpoint after inhibition of ATR (using an ATR inhibitor; ATRi), the apical kinase that governs the replication stress response 18 . After HU exposure and ATR inhibition, we observed no difference in the number of new origins fired between control and DONSON-depleted cells, indicating that DONSON and ATR probably function within the same pathway to activate the intra-S-phase checkpoint (Fig. 5d) .
We next examined whether the ATR-dependent replication stress response was functional in the absence of DONSON. We first used immunoblotting, using phosphospecific antibodies to known ATR substrates, to monitor ATR pathway activation in DONSON-depleted cells that were treated with HU or MMC. This analysis showed that cells lacking DONSON failed to efficiently phosphorylate a number of ATR substrates, such as CHK1 and NBS1, in response to HU or MMC treatment ( Fig. 5e and Supplementary Fig. 14a) . Moreover, ATR autophosphorylation on T1989, another marker of ATR activation 35 , was reduced (Supplementary Fig. 14b ). Loss of DONSON expression also significantly increased mitotic indices following exposure to HU or MMC, as measured by FACS, demonstrating that DONSONdepleted cells failed to efficiently activate the G2/M checkpoint in response to replication stress ( Fig. 5f and Supplementary Fig. 14c ). We next determined whether the reduced ATR signaling observed was due to decreased levels of RPA-coated ssDNA, which is the stimulus for ATR activation. Unexpectedly, DONSON-depleted cells exhibited increased levels of RPA-coated ssDNA following HU treatment (Supplementary Fig. 15 ), consistent with defective activation of the ATR-dependent replication stress response.
Dysregulated DNA replication combined with impaired intra-S-phase checkpoint signaling, such as that in ATR-deficient [36] [37] [38] [39] [40] , gives rise to extensive chromosome breakage and genome instability. Consistent with this, we observed significantly elevated levels of spontaneous micronuclei and chromatid gaps or breaks in the cells lacking DONSON (Fig. 6a and Supplementary  Fig. 16a ), which was exacerbated by exposure to HU or MMC (Supplementary Fig. 16a-c) . We also observed spontaneously arising highly-fragmented or completely pulverized metaphase chromosomes in cells lacking DONSON, which increased after the induction of exogenous replication stress ( Fig. 6b and Supplementary  Fig. 16d) .
Taken together, these data confirm that after the induction of replication stress, DONSON is required for the stabilization of stalled replication forks, the efficient activation of the intra-S-phase and G/2M cell-cycle checkpoints and the maintenance of genome stability. 
Stalled replication fork cleavage in DONSON-deficient cells
It has been proposed that the spontaneous DNA damage that arises in ATR-deficient cells is due to processing of stalled or damaged forks by SLX4-associated structure-specific nucleases, such as MUS81, SLX1 and XPF [41] [42] [43] [44] [45] . We therefore postulated that the replication abnormalities and chromosomal aberrations of DONSON-deficient cells might arise via similar mechanisms. Indeed, the spontaneous replication fork asymmetry and γ-H2AX phosphorylation exhibited by DONSON-depleted cells were partially reduced by co-depletion of either MUS81 or XPF (Fig. 6c,d) . Moreover, co-depletion of MUS81 or XPF also reduced chromosome breakage and genomic pulverization in these cells (Fig. 6e-g ).
From this, we concluded that the severe genome instability that was apparent in the absence of DONSON was due to nucleolytic processing of damaged replication forks by structure-specific nucleases.
Replication stress-induced damage in cells from patients with DONSON mutations
To link the role of DONSON in regulating replication fork stability and the phenotype of patients with DONSON mutations, we characterized replication dynamics and genomic stability of patient-derived fibroblasts. All of the patient-derived cell lines examined (P2, P6, P9, P10-2, P12) showed higher levels of spontaneous fork asymmetry and fork stalling than cells from unaffected individuals ( Supplementary  Figs. 17a and 18) . Furthermore, patient-derived cells also showed increased amounts of fork asymmetry and fork stalling following HU exposure, combined with defective intra-S-phase checkpoint activation ( Supplementary Figs. 17a and 18) . Finally, levels of DNA damage in the S-phase of the cell cycle and chromosome breakage were also increased in these cell lines (Supplementary Fig. 17b,c) . Taken together, these observations provide a potential pathological explanation for the clinical phenotype. In addition, using isogenic cell lines expressing inducible GFP-DONSON (Fig. 2c) , we observed that expression of the haplotypeassociated p.S28R mutant, but not the p.K489T variant, complemented loss of endogenous DONSON by rescuing the spontaneous fork stalling observed after DONSON depletion (Supplementary Fig. 19 ). This is consistent with the p.K489T substitution being the pathogenic variant within the haplotype region (Fig. 2c) .
Finally, we set out to demonstrate that the patient-associated cellular phenotypes were directly due to a mutation in DONSON. Control siRNA 
A r t i c l e s
We first established three paired isogenic cell lines via transduction of patient-derived fibroblasts with retroviral expression vectors encoding WT DONSON or an empty vector (Fig. 7a) . The spontaneous DNA damage, replication fork stalling, replication fork asymmetry and intra-S-phase checkpoint defect were all corrected by expression of WT DONSON (Fig. 7b-d and Supplementary Fig. 20) , confirming that these phenotypes were directly due to DONSON deficiency. Finally, using one of these cell lines, we also observed that inhibition of ATR and a mutation in DONSON are epistatic with regard to the observed replication abnormalities (Supplementary Fig. 21 ). 
DISCUSSION
Here we have identified DONSON as a novel human disease gene and described 29 individuals with a range of mutations in DONSON, establishing such alterations as a frequent cause of microcephalic dwarfism. Because normal embryonic development requires rapid cellular proliferation 46, 47 , it is exquisitely sensitive to genetic perturbations that affect DNA replication [1] [2] [3] 6 . A failure to complete timely genome duplication will profoundly affect the number of cells generated during embryonic development. For example, hypomorphic mutations in ATR result in severe microcephaly and growth retardation, both in humans and in a mouse model 2, 3, 48 , owing to the role that ATR has in preventing replication stress during development 48, 49 . We propose that mutation of DONSON similarly reduces the number of cells generated during development via a failure to maintain replication fork stability in the presence of endogenous replication stress, thus explaining the decreased organism size observed. Furthermore, because brain development requires rapid proliferation of neural progenitor cells within a limited time frame 46 , it is particularly sensitive to disruptive genetic perturbations. This may explain why brain development is disproportionately affected in these individuals with respect to growth. DONSON has no predicted domain structure or paralogs, and previous characterization has been limited to two studies, an siRNA screen proposing that DONSON regulates genome stability and a study of its Drosophila ortholog Humpty dumpty suggesting a role in cell proliferation 28, 31 . Consistent with this, we established that DONSON is a replisome component that ensures replication fork stability and promotes efficient activation of both intra-S-phase and G2/M cell-cycle checkpoints after induction of exogenous replication stress. Loss of DONSON leads to increased spontaneous stalling of replication forks, which are subsequently cleaved into replicationassociated DNA double-stranded breaks by structure-specific nucleases. We hypothesize that defective cell-cycle checkpoint activation in DONSON-deficient cells then allows transmission of these breaks into mitosis, which accounts for the increased amount of chromosomal damage and genome fragmentation observed ( Supplementary  Fig. 22) . Additional studies will be important to confirm this model, and to investigate whether DONSON is a constitutive component of the replisome or whether it is recruited to a subset of replication forks. Furthermore, establishing which replisome components DONSON directly interacts with, and the functional importance of these associations, will also inform understanding of its biological function.
The mechanism by which DONSON ensures replication fork stability and promotes checkpoint activation remains to be defined. We propose that in addition to being a replisome component, DONSON is also involved in promoting the ATR-CHK1 replication stress response, as we observed that DONSON-depleted cells exhibited defective activation of cell cycle checkpoints and reduced ATR-dependent signaling in response to exogenous replication stress. This hypothesis is supported by the observation that impaired replication alone, such as that arising from a hypomorphic mutation in MCM4 (MCM4 Chaos3/Chaos3 ), does not give rise to decreased CHK1 phosphorylation or increased new origin firing upon replication stress 50 . However, it is unclear whether DONSON functions directly or indirectly to regulate the ATR-CHK1 pathway. Our demonstration that cells lacking DONSON did not show a global reduction in replication or decreased levels of RPA-coated ssDNA indicates that loss of DONSON does not affect the cells' ability to generate the primary stimulus for ATR pathway activation. Based on this, we propose that DONSON either directly activates ATR, in a manner similar to that by TOPBP1 51 or ETAA1 52, 53 , or functions indirectly to regulate other factors necessary for efficient ATR-CHK1 signaling, such as the MRE11-RAD50-NBS1 (MRN) 54 complex or TIPIN-Timeless 19, 20 . Because DONSON does not contain a canonical ATR activation domain, which is found in both TOPBP1 and ETAA1, we favor the latter possibility. However, how DONSON functions to promote ATR signaling is not yet clear, and future work will be critical in establishing whether this is direct or indirect.
It is also evident that the cellular phenotype of cells lacking DONSON cannot be explained solely by abnormal DNA replication or defective ATR-dependent signaling. In particular, exposure of cells lacking ATR to exogenous replication stress results in highly elevated levels of γ-H2AX phosphorylation, a situation that was not observed after loss of DONSON (Fig. 5e) , despite the presence of substantial amounts of DNA damage. Therefore, although our observations are consistent with a role for DONSON in promoting ATR-CHK1 signaling, DONSON may also have effects on other pathways that promote γ-H2AX phosphorylation at the replication fork, such as those governed by ATM or the MRN complex.
In summary, we have identified DONSON as a previously unknown disease gene that has a key role in regulating cellular replication and cell cycle checkpoints. Future studies examining how DONSON functions will provide further insight into how cells maintain replication fork integrity and how these pathways prevent human disease.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. A r t i c l e s E.F., M.Z.S., S.A.T., A. Alswaid, S.A., J.Y.A.-A., M.A.B., A.F.B., L.C., H.C., A.D. , R.F., E.H., E.F.P., A.P., L.S., S.T., G. Yoon., J.A. Immunoblotting was performed using antibodies to: cyclin A (Santa Cruz, sc-751; 1:1,000), CHK1 (Santa Cruz, sc-8408; 1:1,000), CHK2 (Santa Cruz, sc-5278; 1:1,000), FANCD2 (Santa Cruz, sc-20022; 1:1,000), MCM2 (BD Transduction Laboratories, 610700; 1:10,000), MCM7 (Santa Cruz, sc-56324; 1:1,000), MUS81 (Santa Cruz, sc-53382; 1:2,000); XPF (Santa Cruz, sc-136153; 1:1,000); H2A (Millipore, 07-146; 1:3,000), γ-H2AX (Millipore, 05-636; 1:3,000), RPA2 (Millipore, NA18; 1:1,000), phospho-histone-H3(Ser10) (Millipore, 06-570; 1:1,000), phospho-NBS1(Ser343) (Abcam, 47272; 1:500); NBS1 (Genetex, GTX70224; 1:10,000); ATR (Bethyl Laboratories, A300-137A; 1:1,000), pS345-CHK1 (Cell Signaling Technology, 2341; 1:100), phospho-RPA2(Ser4,Ser8) (Bethyl Laboratories, A300-245A; 1:1,000), phospho-SMC1(Ser966) (Bethyl Laboratories, A300-050A; 1:1,000), SMC1 (Bethyl Laboratories, A300-055A; 1:1,000), Treslin (Bethyl Laboratories, A303-472A; 1:1,000); TOPBP1 (Bethyl Laboratories; A300-111A; 1:1,000); vinculin (Sigma-Aldrich, V9264; 1:1,000); α-tubulin (Sigma-Aldrich, T5168; 1:4,000); and GFP (Roche, 11814460001; 1:500). The polyclonal anti-DONSON antibody was generated by immunizing rabbits with a glutathione-S-transferase (GST) fusion protein encoding amino acid residues 1-125 of human DONSON. Antibody was affinity-purified from rabbit sera (Eurogentec) and specificity was established using lysates from patient cells and DONSON siRNA-transfected cells.
Loading controls for all blots were derived from reprobing the same membrane, except for the phospho-antibody blots, for which paired gels were run simultaneously and blotted in parallel for phosphorylated and total proteins.
Immunofluorescence and fluorescence microscopy. siRNA-transfected HeLa cells or passage-matched TERT-immortalized fibroblasts were seeded on coverslips 24 h before extraction or fixation. To visualize cells undergoing DNA replication, cells were incubated in medium containing 10 µM EdU for 10-30 min before harvesting. To remove soluble proteins before immunofluorescence, cells were pre-extracted for 10 min on ice with ice-cold buffer (25 mM HEPES, pH 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl 2 , 300 mM sucrose and 0.5% Triton X-100) and then fixed with 4% paraformaldehyde for 15 min. For analysis of cells transfected with construct encoding GFP-tagged proteins, cells were fixed and permeabilized by incubation with ice-cold methanol for 20 min.
EdU immunolabeling was performed using the Click-iT EdU Imaging Kit (Invitrogen, C10337) according to the manufacturer's protocol. Cells were stained for 53BP1 (Novus Biologicals, NB100-304; 1:1,000) and/or γ-H2AX (Millipore, 05-636; 1:1,000) and stained with secondary antibodies conjugated to Alexa Fluor 568 (Life Technologies) and DAPI.
For quantification of signal-integrated densities of γ-H2AX staining, cells were stained with an antibody specific to γ-H2AX (Millipore, 05-636; 1:1,000), and images were visualized using a Zeiss Axioplan 2 microscope with iVision software (BioVision Technologies) and captured using a 40× oil-immersion objective. For quantification of signal-integrated densities of RPA staining, cells were stained with anti-RPA2 antibody (Millipore, NA18; 1:200), images were visualized using a Nikon Eclipse Ni microscope with NIS-Elements software (Nikon Instruments) and captured using a 100× oil-immersion objective. Nuclei were segmented on the basis of DAPI staining and then the signal-integrated density of γ-H2AX or RPA staining was quantified for each nuclear region using ImageJ software (US National Institutes of Health). For quantification of γ-H2AX staining, more than 100 EdU-positive cells and 50 EdU-negative cells were analyzed per experiment per condition; for quantification of RPA staining, more than 200 cells were analyzed per experiment per condition. Exposure time, binning, microscope settings and light-source intensity were kept constant for all of the samples in all cases.
For quantification of native BrdU-positive foci, cells were incubated in medium containing 10 µM BrdU for 24 h before harvesting. Six hours before harvesting, 2 mM HU was added to the medium. To visualize ssDNA foci, cells were extracted for 10 min on ice with ice-cold buffer (25 mM HEPES, pH 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl 2 , 300 mM sucrose and 0.5% Triton X-100) and then fixed with 4% paraformaldehyde for 15 min. After fixation, cells were washed with PBS and blocked in 3% FCS in PBS for 30 min at room temperature. ssDNA was visualized using an anti-BrdU antibody (Abcam, ab6326; 1:500). To denature DNA, cells were incubated in 2 M HCl in PBS for 30 min before addition of the anti-BrdU antibody. Images were acquired as for γ-H2AX quantification, and foci were quantified using an ImageJ-based script. Nuclei were defined on the basis of DAPI staining, and native BrdU foci were detected using the 'Find maxima' function of ImageJ within each nuclear region. Exposure time, binning, microscope settings, light-source intensity and the noise level in the 'Find maxima' function were kept constant for all of the samples within each individual experiment. More than 100 cells were analyzed per experiment per condition.
Metaphase spreads. Chromosomal aberrations were scored in Giemsa-stained metaphase spreads as previously described 55 . Briefly, demecolcine (SigmaAldrich) was added at a final concentration of 0.2 µg/ml 4 h before harvesting. Cells were harvested by trypsinization, subjected to hypotonic shock for 1 h at 37 °C in 0.3 M sodium citrate and fixed in 3:1 methanol:acetic acid solution. Cells were dropped onto acetic-acid-humidified slides, stained for 15 min in Giemsa-modified solution (Sigma; 5% vol/vol in water) and washed in water for 5 min.
DNA-fiber-spreading assay. Passage-matched primary, TERT-immortalized fibroblasts or siRNA-transfected HeLa cells were pulse-labeled with CldU for 20 min, washed with medium and damaged with 2 mM hydroxyurea treatment for 2 h before being pulse-labeled with IdU for 40 min. Alternatively, 50 ng/ml mitomycin C was added to the cells 24 h before pulse-labeling with CldU and left on during the 20-min CldU and 20-min ldU pulse-labeling steps. Cells were harvested by trypsinization, and cell pellets were washed in PBS. 5 × 10 5 cells were lysed directly onto glass slides using spreading buffer (200 mM Tris-HCl, pH 7.5, 50 mM EDTA, 0.5% SDS) and fixed in methanol: acetic acid (3:1 ratio). Following denaturation with 2.5 M HCl, CldU was detected using rat anti-BrdU (clone BU1/75, ICR1; Abcam, ab6326; 1:750), and IdU was detected using mouse anti-BrdU (clone B44; BD Biosciences, 347583; 1:750). Slides were then fixed in 4% paraformaldehyde before immunostaining with secondary antibodies conjugated to Alexa Fluor 594 or Alexa Fluor 488 (Life Technologies). Labeled DNA fibers were visualized using a Nikon Eclipse Ni microscope with NIS-Elements software (Nikon Instruments). Images were captured using 40× oil-immersion objectives, and were recolored and analyzed using ImageJ software (US National Institutes of Health; NIH). For quantification of replication structures, at least 400 structures were counted per experiment. Tract lengths were measured using ImageJ (NIH). To calculate fork velocity, arbitrary length values were converted into micrometers using the scale bars created by the microscope, with 1 µm equivalent to 2.59 kb 58 . Replication fork speed (kb/min) was then determined by dividing the length of CldU and IdU tracks (in kb) from ongoing forks by the pulse time.
FACS analysis. For BrdU analysis, HeLa cells were pulse-labeled with 10 µM BrdU for 30 min before fixation with 70% ethanol at −20 °C for 16 h. Cells were then digested with 1 mg/ml pepsin and denatured with 2 M HCl before washing with PBS and blocking in 0.5% BSA and 0.5% Tween-20. BrdU labeling was detected using an anti-BrdU antibody (Abcam, ab6326; 1:75) and FITCconjugated anti-rat secondary antibody. DNA content was assessed by staining with 50 µg/ml propidium iodide. Cells were sorted on a BD Biosciences FACS Aria II, and data were analyzed using FlowJo software (v7.6.1, Tree Star).
For mitotic analysis and immunodetection of phospho-histone-H3 on Ser10, HeLa cells were harvested, fixed and permeabilized 24 h post exposure to HU or MMC, as previously described 55 . Cells were analyzed using an Accuri flow cytometer (BD Biosciences) in conjunction with CFlowplus software. Data represents cell counts of at least 30,000 cells.
Immunoprecipitation and GFP-Trap. 293FT cells that were transfected with plasmids encoding GFP-DONSON or GFP were either untreated or exposed to 2 mM HU for 16 h and harvested. Cells were then incubated in lysis buffer (150 mM NaCl, 50 mM Tris HCl pH 7.5, 2 mM MgCl 2 , 1% NP40, 90 U/ml Benzonase (Novagen) and EDTA-free protease inhibitor cocktail (Roche)) for 30 min with rotation at 4 °C. The resultant cell lysates were pre-cleared at 44,000 r.p.m. at 4 °C for 30 min.
For immunoprecipitations, 3 mg of lysate was immunoprecipitated with 5 µg of antibody, and immune complexes were collected with protein A-sepharose (Sigma-Aldrich). Complexes were washed with wash buffer (150 mM NaCl, 50 mM Tris HCl pH 7.5, 0.5% NP40, and complete protease inhibitor cocktail (Roche)) and analyzed by SDS-PAGE.
For GFP-Trap, 3 mg lysates were incubated with GFP-Trap-agarose beads (ChromoTek) at 4 °C for 5 h. The resulting GFP-Trap complexes were washed with wash buffer as described above and analyzed by SDS-PAGE. Experiments were carried out in the presence of Benzonase nuclease to exclude the possibility of interactions being mediated by DNA.
For mass spectrometry analysis, GFP or GFP-DONSON was isolated from cell extracts from tetracycline-induced, or uninduced, Flp-In T-REx HeLa cells by incubation with GFP-Trap-coupled magnetic agarose beads (ChromoTek) for 2 h on a Kingfisher Duo robotic handling station (Thermo). Asynchronous cells and cells in S-phase, using a 24-h treatment with 2 mM HU, were analyzed. On-bead digests and mass spectrometry were performed as described 59 . Data represented three experiments for each condition, which were analyzed by back-to-back MS and quantified by label-free quantification (LFQ). Proteins were identified and quantified with the MaxQuant 1.5 software suite by searching against the Uniprot human database. Methionine oxidation and protein N-terminal acetylation were set as variable, and carbamylation was set as a fixed modification, with a 1% false discovery rate. Contaminants and reverse database hits were deleted. Proteins that were significantly enriched by the presence of GFP-DONSON were selected on the basis of P < 0.05, and >2-fold change from asynchronous to S-phase, as identified by a Student's t-test and a ratio cut-off against the respective negative control LFQ data as determined by MaxQuant (P < 0.05; twofold).
Proximity-ligation assay (PLA)
. PLA was performed as described previously 5, 55 . Briefly, cells from GFP-or GFP-DONSON-expressing Flp-In T-REx HeLa cell lines were treated with 1 µg/ml doxycycline and fixed or extracted after 24 h. For PCNA visualization, cells were fixed with methanol at -20 °C for 10 min followed by a 5-min extraction in 0.3% Triton-X100 in PBS. For RPA visualization, cells were pre-extracted in nuclear extraction buffer (25 mM HEPES, pH 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl 2 , 300 mM sucrose and 0.5% Triton X-100) for 5 min on ice and fixed in 3.6% paraformaldehyde for 10 min at room temperature. Cells were then incubated with anti-PCNA (PC10, 1:500, Santa Cruz) or anti-RPA (NA18; 1:500; Merck-Millipore) antibodies along with an anti-GFP antibody (ab6556, 1:500, Abcam), and in situ proximity ligation was performed using a Duolink Detection Kit (Sigma-Aldrich). Nuclear foci were imaged using a Nikon Eclipse Ni-U microscope equipped with a 100× oil lens in conjunction with a Zyla camera, and images were acquired using Elements software (Nikon). More than 200 cells were analyzed per experiment per condition.
Fluorescence cross-correlation spectroscopy (FCCS).
HeLa cells stably expressing GFP-DONSON and mCherry-PCNA (construct kindly provided by C. Lukas, Copenhagen; referred to as RFP-PCNA) were used for FCCS. For experimental details and background information on microscopy imaging and FCCS, see the Supplementary Note. Statistical analyses. Statistical differences were analyzed by a two-tailed Student's t-Test (Figs. 3b,d,f, 4f,g, 5b-d,f, 6a,e,f and 7b,d and Supplementary  Figs. 5c, 8b, 9a, 12c, 13i, 14c, 16a-c, 17a-c and 19-21) , the Mann-Whitney rank-sum test (Figs. 3e, 6c and 7c and Supplementary Figs. 12b and 15a,c) or a chi-squared test (Figs. 4c and 6g and Supplementary Fig. 16d) . n refers to number of independent experiments, unless indicated otherwise. Error bars represent s.e.m., unless specified otherwise.
Data availability. The next-generation sequencing data used in the manuscript can be obtained from the European Genome-Phenome Archive (EGA) under accession EGAS00001002224 (https://www.ebi.ac.uk/ega/home). NGS data sets on patients P14-P18 and P21 are not available due to institutional IRB restrictions. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the data set identifier PXD005690 (https://www.ebi.ac.uk/pride/archive/).
